Glycopeptide antibiotics have long served as drugs of last resort for the treatment of antibiotic-resistant Gram-positive bacterial infections. Resistance to the clinically relevant glycopeptides, vancomycin and teicoplanin, threatens to undermine the usefulness of this important class of antibiotics. DNA extracted from a geographically diverse collection of soil samples was screened by PCR for the presence of sequences related to OxyC, an oxidative coupling enzyme found in glycopeptide biosynthetic gene clusters. Every soil sample examined contained at least 1 unique OxyC gene sequence. In an attempt to access the biosynthetic gene clusters associated with these OxyC sequences, a 10,000,000-membered environmental DNA (eDNA) megalibrary was created from a single soil sample. Two unique glycopeptide gene clusters were recovered from this eDNA megalibrary. Using the teicoplanin aglycone and the 3 sulfotransferases found in one of these gene clusters, mono-, di-, and trisulfated glycopeptide congeners were produced. The high frequency with which OxyC genes were found in environmental samples indicates that soil eDNA libraries are likely to be a rewarding source of glycopeptide gene clusters. Enzymes found in these gene clusters should be useful for generating new glycopeptides analogs. Environmental DNA megalibraries, like the one constructed for this study, can provide access to many of the natural product biosynthetic gene clusters that are predicted to be present in soil microbiomes.
Glycopeptide antibiotics have long served as drugs of last resort for the treatment of antibiotic-resistant Gram-positive bacterial infections. Resistance to the clinically relevant glycopeptides, vancomycin and teicoplanin, threatens to undermine the usefulness of this important class of antibiotics. DNA extracted from a geographically diverse collection of soil samples was screened by PCR for the presence of sequences related to OxyC, an oxidative coupling enzyme found in glycopeptide biosynthetic gene clusters. Every soil sample examined contained at least 1 unique OxyC gene sequence. In an attempt to access the biosynthetic gene clusters associated with these OxyC sequences, a 10,000,000-membered environmental DNA (eDNA) megalibrary was created from a single soil sample. Two unique glycopeptide gene clusters were recovered from this eDNA megalibrary. Using the teicoplanin aglycone and the 3 sulfotransferases found in one of these gene clusters, mono-, di-, and trisulfated glycopeptide congeners were produced. The high frequency with which OxyC genes were found in environmental samples indicates that soil eDNA libraries are likely to be a rewarding source of glycopeptide gene clusters. Enzymes found in these gene clusters should be useful for generating new glycopeptides analogs. Environmental DNA megalibraries, like the one constructed for this study, can provide access to many of the natural product biosynthetic gene clusters that are predicted to be present in soil microbiomes.
antibiotics ͉ eDNA ͉ metagenomics ͉ natural products ͉ uncultured bacteria V ancomycin and teicoplanin are clinically useful heptapeptide antibiotics that inhibit cell wall biosynthesis by noncovalently binding the D-ala-D-ala terminus of growing petidoglycans (1) (2) (3) . For almost 50 years, this class of glycopeptide antibiotics has served as the last line of defense against methicillin-resistant Staphylococcus aureus (MRSA). With the appearance of vancomycin-resistant Enterococci in the late 1980s and resistant Staphylococci in the 1990s, there has been a renewed interest in the discovery of novel glycopeptide congeners that might reinvigorate this important class of clinically useful antibiotics (4) (5) (6) (7) (8) . Although the screening of bacterial culture broths for the presence of glycopeptide antibiotics initially yielded a large number of novel congeners, few additional naturally occurring members of this important class of antibiotics have been reported in recent years.
A single gram of soil is predicted to contain Ͼ10,000 unique bacterial species (9) (10) (11) . DNA extracted directly from soil (environmental DNA, eDNA) should contain a very diverse collection of bacterial natural product biosynthetic gene clusters. Only a small fraction of these gene clusters is likely to have been functionally accessed to date, because the majority of bacteria are not readily cultured in the laboratory, and of those that are cultured, only a fraction of their secondary metabolite biosynthetic gene clusters is typically activated in laboratory fermentations (9) (10) (11) (12) (13) . Systematically screening large eDNA libraries for conserved sequences associated with the biosynthesis of pharmacologically relevant natural products could prove to be a rewarding strategy for the discovery of gene clusters that encode the biosynthesis of new natural analogs. Although the heterologous expression of intact eDNA-derived secondary metabolite gene clusters remains a significant challenge, enzymes found in these gene clusters will likely be useful for functionalizing many natural products in novel ways.
In a PCR-based survey of eDNA extracted from geographically diverse soil samples, every sample we examined yielded OxyC sequences that closely resemble those found in glycopeptide gene clusters. Here, we report the cloning of 2 glycopeptide biosynthetic gene clusters from a 10,000,000-membered soil eDNA megalibrary, both of which are predicted to encode the biosynthesis of highly functionalized glycopeptide congeners. By using the sulfotransferases found in 1 of the 2 gene clusters, a unique family of sulfated teicoplanin analogs was generated in vitro from the teicoplanin aglycone. The work presented here suggests that environmental DNA megalibraries are likely to be a rich source of new glycopeptide biosynthetic gene clusters, and that the enzymes found in these gene clusters should be useful for generating a variety of new glycopeptide analogs.
Results and Discussion
Our search for glycopeptide biosynthetic gene clusters began by probing a geographically diverse collection of crude eDNA extracts for the presence of OxyC-like gene sequences. OxyC catalyzes the formation of the C-C bond between the hydroxyphenylglycine at position 5 and the dihydroxyphenylglycine at position 7 in both vancomycin-and teicoplanin-like glycopeptides ( Fig. 1) (14) . This enzyme is highly conserved in sequenced glycopeptide gene clusters and easily distinguished from related oxidative enzymes that appear in unrelated biosynthetic gene clusters, making it an ideal probe to use in the search for unique glycopeptide gene clusters. By using a set of nested OxyC-based degenerate primers, we were able to amplify OxyC-like sequences from every eDNA sample that we examined ( Fig. 1 and SI Text). The soils used for this study were collected in North America, Central America, and Africa (Fig. 1 ). This PCR-based survey strongly suggested that eDNA would be a rich source of glycopeptide gene clusters; however, it did not provide functional access to these clusters.
Although soils are thought to be the most microbially diverse ecosystems on earth and therefore represent attractive sources of genetic diversity for the discovery of new natural product biosynthetic gene clusters, the immense size of a soil metagenome has made cloning natural product gene clusters directly from soil microbiomes very difficult. In an attempt to access glycopeptide gene clusters associated with OxyC-like sequences that could be amplified from crude eDNA, we constructed a 10,000,000-membered cosmid-based library by using DNA extracted from desert soil collected in Utah. This eDNA megalibrary contains the equivalent of 100,000 4-Mb bacterial genomes, and although even 10,000,000 clones may not capture all of the genetic information present in a soil sample, a library this size should allow for the recovery and reconstruction of many previously unstudied gene clusters present in soil metagenomes.
Aliquots of DNA from each of the Ϸ2,500 unique sublibraries that make up the eDNA megalibrary were used as amplification templates in PCRs with OxyC-based degenerate primers. Using these primers, 2 unique OxyC-like sequences were found in the megalibrary ( Fig. 1 ; UT-A15 and UT-D30). One of the OxyC sequences is more closely related to those found in sequenced vancomycin-like gene clusters (vancomycin-like eDNA derived gene cluster, VEG cluster), whereas the other resembles those found in sequenced teicoplanin-like gene clusters (teicoplaninlike eDNA derived gene cluster, TEG cluster). Only teicoplaninlike sequences were found in our initial screen of crude eDNA samples, suggesting that these sequences may be preferentially amplified from OxyC mixtures, and that environmental samples are likely to contain an even more diverse collection of glycopeptide gene clusters than is suggested by Fig. 1 .
Cosmid clones containing each of the Utah eDNA OxyC sequences were recovered from the appropriate sublibraries, and then subsequent rounds of library screening were carried out to identify and recover overlapping clones that could be used to reconstruct 2 independent glycopeptide biosynthetic gene clusters (Fig. 2) . Cosmids containing the more common VEG pathway appeared in approximately 1 of every 2 million clones, whereas clones containing the less common TEG pathway were found in 1 of every 5-10 million clones. For the common pathway, Ͼ100 kb of continuous sequence were reconstructed from 6 overlapping cosmid clones. Almost 75 kb of this sequence are predicted to be part of a glycopeptide antibiotic biosynthetic gene cluster; Ͼ50 kb of continuous sequence from the second gene cluster were reconstructed from 3 overlapping cosmid clones. Although the TEG gene cluster is truncated at one end, a comparison of the 2 gene clusters, which are closely related at both ends but differ significantly in the central finishing enzyme regions, suggests that the missing region is likely to contain conserved biosynthetic machinery that is common to most glycopeptide gene clusters.
A detailed analysis of these 2 eDNA-derived gene clusters indicates that each is predicted to encode the biosynthesis of a previously unknown glycopeptide congener (Tables S1-S3). As expected, both clusters contain large NRPS systems that are predicted to encode heptapeptides ( system in the VEG pathway is predicted to encode the biosynthesis of a type II heptapeptide [hydroxyphenylglycine (HPG)-␤-hydroxytyrosine (Bht)-Hpg-Hpg-Hpg-Bht-dihydroxyphenylglycine (Dpg)], and the TEG pathway is predicted to encode the biosynthesis of a type III heptapeptide (Hpg-Bht-Dpg-Hpg-HpgBht-Dpg) (3). These predictions are supported by the presence of the 3 conserved oxidative enzymes (Fig. 2 , brown, Veg10-12) that are required for the biosynthesis of an oxidatively crosslinked type II glycopeptide in the first gene cluster and the 4 conserved oxidative enzymes (Fig. 2, brown, Teg9, 10, 11 , and 15) that are required for the biosynthesis of an oxidatively cross-linked type III glycopeptide in the second gene cluster.
The VEG cluster contains a complete complement of the genes predicted to be necessary for the biosynthesis of an oxidatively cross-linked heptapeptide. This includes all of the biosynthetic machinery required for the production of the 3 nonproteinogenic amino acids (Hpg, Bht, and Dpg) found in the peptide core (Fig. 2, hashed green) , a halogenase for the production of chloro-Bht (Fig. 2, yellow) , and, as mentioned, the 3 oxidative enzymes (Fig. 2, brown) that oxidatively crosslink the heptapeptide core (1) . In addition to the core biosynthetic machinery, the VEG cluster contains 7 glycosyltransferases (Fig. 2 , red) and 3 methyltransferases (Fig. 2, blue) . Two of the 3 methyltransferases (Veg24, 25) are predicted Nmethyltransferases suggesting that the product of the VEG pathway is doubly N-methylated at the N terminus. The third methyltransferase (Veg18) is related to putative rRNAmethyltransferases. rRNA-methyltransferases are commonly used for self-resistance against antibiotics that target the ribosome (15) . The role this enzyme would play in a glycopeptide gene cluster is not immediately obvious.
Four of the glycosyltransferases in the VEG gene cluster (Veg14, 15, 16, and 19) are related (75-88% identity) to glycosyltransferases from chloroeremomycin biosynthesis, two (Veg21, 22) are related to putative mannosyltransferases (PMT, 80-82% identity) from teicoplanin-like biosynthetic gene clusters, and the seventh (Veg36) is related to the glycosyltransferase CalG1 (47% identity) from calicheamycin biosynthesis. Two of the related glycosyltransferases from chloroeremomycin biosynthesis (GtfA and C) use derivatives of vancosamine as substrates. Homologs of the 5 enzymes (EvaA-E) required for the biosynthesis of a vancosamine derivative are also found in the VEG gene cluster (Fig. 2, hashed red) (16, 17) . To the best of our knowledge, no glycopeptide congener containing the unique assortment of functionality encoded by the VEG gene cluster (doubly N-methylated, vancosamine functionalized, type II glycopeptide) has been characterized from cultured bacteria.
The VEG gene cluster is rich in methyl-and glycosyltransferases, whereas the TEG gene cluster is rich in sulfotransferases (Fig. 2, orange) . In addition to containing biosynthetic machinery that is required for the production of an oxidatively crosslinked heptapeptide core, the TEG gene cluster contains 3 predicted sulfotransferases (Teg12, 13, and 14), a putative dyp-type peroxidase (Teg17), and 2 hypothetical proteins of unknown function (Teg18, 19) . Homologs of the peroxidase and the 2 hypothetical proteins of unknown function do not exist in any sequenced glycopeptide gene cluster from cultured bacteria. They may therefore provide a unique functionality to this family of antibiotics. Although a large number of glycosylated, halogenated, and alkylated glycopeptide congeners have been identified from studying cultured bacteria, to the best of our knowledge only 2 sulfated, and no polysulfated, glycopeptides have been reported (3, 18) . The presence of 3 sulfotransferases in the TEG cluster suggested that it was likely to encode the biosynthesis of the first polysulfated glycopeptides. Polysulfated glycopeptides would have very different surface-charge distributions than any reported glycopeptide congeners. We therefore sought to generate such compounds by using the unique genetic information captured in the TEG gene cluster.
It is possible to envision using either in vivo heterologous expression studies or in vitro reconstitution studies to access natural products from cryptic gene clusters. The TEG gene cluster encodes the biosynthesis of a putative heptapeptide core that only differs from the teicoplanin aglycone by the substitution of a ␤-hydroxytyrosine for the tyrosine at position 2. The teicoplanin aglycone is readily available and therefore we elected to use this closely related substrate in in vitro studies with the TEG sulfotransferases. The 3 sulfotransferases (Teg12, 13, and 14) in the TEG cluster are homologs of StaL, a 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS)-dependent sulfotransferase found in the A47934 glycopeptide gene cluster (19) . StaL has been used to generate monosulfated glycopeptides in vitro (20) . For our in vitro glycopeptide sulfation studies Teg12, 13, and 14 were PCR amplified and cloned into the pET28a expression vector. Each recombinant 6-His-tagged sulfotransferase was then Ni-affinity-purified from cultures of Escherichia coli BL21(DE3) (Fig. S1 ). In the presence of PAPS and the teicoplanin aglycone each predicted sulfotransferase produces a unique monosulfated glycopeptide derivative (Fig. 3) . In reactions with 2 sulfotransferases, the 3 possible disulfated derivatives are formed, and in a reaction with all 3 sulfotransferases a trisubstituted derivative is produced (Fig. 3) .
Mass spectrometry and 1D and 2D NMR were used to identify the sulfation site in each monosulfated product. The sulfation patterns seen in the di-and trisulfated teicoplanin aglycone analogs were then inferred from the sulfation specificities of the sulfotransferases used to synthesize these derivatives. On fragmentation by negative ion ESI-MS/MS, each of the monosulfated sulfated aglycone derivatives produces a daughter ion with an m/z ϭ 906 (Fig. S2) . This fragment, which is not produced by the teicoplainin aglycone, corresponds to a sulfated product that has lost the macrocycle formed by amino acids 5 and 7. The presence of this sulfated fragment eliminates 3 of the 7 hydroxyls on the teicoplainin aglycone as candidates for sulfation. To determine which of the 4 remaining hydroxyls are sulfated, HPLC-purified sulfo-teicoplanin aglycones, derived from milligram-scale sulfation reactions, were analyzed by 1D and 2D NMR, and these spectra were compared with those obtained with the aglycone (21, 22) (Figs. S3 and S4 ). Compared with their hydroxylated counterparts, sulfated compounds show significant deshielding (Ϸ0.5 ppm) of aromatic protons ortho to the site of sulfation and deshielding of aliphatic protons that are attached to a sulfated carbon (Tables S4 and S5) (18, 23, 24) . Sulfation of the hydroxyls on the amino acids at positions 3, 6, and 4 by Teg12, 13, and 14, respectively, could be inferred from the sulfateinduced deshielding of protons present in the 1 H NMR spectra of sulfo-teicoplanin aglycones A-C (Fig. 4) . In sulfo-teicoplanin aglycone A (the Teg12 product), the 2 protons ortho to the hydroxyl on the resorcinol side chain of amino acid 3 are deshielded by 0.51 and 0.57 ppm relative to their chemical shifts in the aglycone. In sulfo-teicoplanin aglycone B (the Teg13 product), the ␤-carbon proton of amino acid 6 is deshielded by 0.59 ppm relative to the aglycone. In sulfo-teicoplanin aglycone C (the Teg14 product), no protons ortho to a potential sulfation site are significantly deshielded compared with the aglycone. The hydroxyphenylglycine at position 4 is the only potential sulfation site that is not predicted to undergo significant proton chemical shifts changes on sulfation. The cup-shaped conformation of glycopeptides places a sulfate at position 4 in close proximity to the protons on amino acid 2, which could explain the 0.43-ppm deshielding of the proton meta to the chlorine on amino acid 2 in sulfo-teicoplanin aglycone C. To the best of our knowledge, all 3 sites sulfated by the TEG sulfotransferases differ from those sulfated in known glycopeptide congeners.
In antibacterial assays run against methicillin-resistant (USA300) and vancomycin-intermediate-resistant (VISA) (JH2) strains of Staphylococcus aureus, the sulfated teicoplanin aglycone analogs show similar activity to vancomycin and teicoplanin (25, 26) . The general trend observed within this family of metabolites is that each successive sulfate addition increases the MIC slightly. Although sulfates have rarely been seen in naturally occurring glycopeptide antibiotics, a related negatively charged substituent, a phosphonic acid, appears on the dihydroxyphenylglycine at position 7 in Telavancin, a secondgeneration semisynthetic glycopeptide antibiotic (6) . Whether the negatively charged sulfates play a role beyond increasing glycopeptide solubility remains to be seen.
Conclusions
Both of the glycopeptide gene clusters recovered from the 10,000,000-membered eDNA megalibrary constructed for this study are predicted to encode the biosynthesis of previously unknown glycopeptide congeners. The sulfotransferases found in the TEG gene cluster introduce multiple examples of a rarely seen functionality onto a glycopeptide skeleton. Using degenerate primers based on OxyC sequences found in known glycopeptide gene clusters, we were able to amplify OxyC-like sequences from every eDNA sample that we examined. OxyC sequences related to those found in gene clusters that encode the biosynthesis of sulfated glycopeptides were found in every eDNA sample we examined (Fig. 1, red box) . Although only 2 naturally occurring sulfated glycopeptides have been characterized to date, sulfated glycopeptide congeners may actually be very common in nature. Environmental DNA megalibraries, like the one constructed for this study, should be generally useful resources for cloning natural product biosynthetic gene clusters from soil metagenomes. Although functionally accessing the molecules encoded by these gene clusters remains a significant challenge, this work shows that the finishing enzymes found in these clusters should be useful for functionalizing known natural products in new ways.
Methods
PCR Screening of eDNA for OxyC Sequences. Crude eDNA samples were prepared from soil samples collected in Pennsylvania (samples A and B), New Jersey, Massachusetts (samples A and B), Utah, Oregon, North Carolina, Tanzania (samples A and B), and Costa Rica by using standard eDNA isolation methodology (27) . In brief, a 1:1 mixture (wt/vol) of soil and lysis buffer (100 mM Tris⅐HCl, 100 mM Na EDTA, 1.5 M NaCl, 1% (wt/vol) CTAB, 2% (wt/vol) SDS, pH 8.0) was heated for 2 h at 70°C, and then, the soil was removed by centrifugation (4,000 ϫ g, 30 min). Crude environmental DNA was isopropyl alcohol precipitated from the supernatant with the addition of 0.6 volumes of isopropyl alcohol, collected by centrifugation (4,000 ϫ g, 30 min), washed with 70% ethanol, and then resuspended in TE (10 mM Tris, 1 mM EDTA, pH 8.0). The remaining dirt present in the crude extract was removed by large-scale gel purification on a 1% agarose gel (16 h at 20 V), and purified high-molecularweight eDNA was electroeluted from the gel. PCR-ready eDNA was prepared from the gel-purified eDNA by using the QIAamp DNA Stool Mini Kit (Qiagen). OxyC sequences were amplified from these eDNA samples by using the following nested PCR primers: 1st round forward: ATGCTSACSCCSGAGTTCAC-SGTVCGG, 1st round reverse: GCAGTRRTGGAYGCCGTGCCCGAA, 2nd round forward CTGTGYGARCTGCTCGGSRTCC, 2nd round reverse CGACRCCRCCSAG-GAKCAGC. eDNA (100 ng) was used as a template in all first-round amplification reactions (cycling parameters: 30 rounds of PCR, denatured 95°C for 30 s, 68°C for 30 s, 72°C for 90 s, 25-L reaction conditions: 2.5 L of Thermo Pol Buffer (New England Biolabs), 1.25 L of DMSO, 0.625 L of each 100 mM oligonucleotide primer, 0.5 L of 10 mM dNTPs mix, 1 unit of TaqDNA Polymerase, and water as needed). In second-round amplification reactions 1 L of the first-round PCR was used as a template (cycling parameters: 30 rounds of 95°C for 30 s, 65°C for 30 s, and 72°C for 30 s; reaction conditions were identical to those used in the first-round amplification reactions). Amplicons of the correct predicted size (245 bp) were gel-purified and topocloned into TOPO 2.1 (Invitrogen). Eight to 10 unique clones obtained from each soil sample were sequenced.
eDNA Isolation, Library Construction, and Screening. High-molecular-weight DNA electroeluted from the large-scale gel purification of the crude eDNA extract derived from soil collected in Utah was used to prepare 10,000,000 cosmid clones by using standard cosmid-cloning methods. Environmental DNA was blunt ended (Epicentre, End-It), ligated into the SmaI site of pWEB, packaged into lambda phage, and transfected into E. coli EC100. The megalibrary was prepared as unique 4,000-to 15,000-membered sublibraries that were arrayed into 8 ϫ 8 grids of matching minipreps and glycerol stocks. Miniprep samples were used for PCR-based screening, and the matching glycerol stocks were used for clone recovery. Aliquots from each row and column of the 8 ϫ 8 miniprep grids were pooled to facilitate PCR screening.
Library Screening and Clone Recovery Protocol. To identify OxyC sequences present in the arrayed eDNA library, each set of pooled rows and columns was screened by PCR with the first-round OxyC primers described above (cycling parameters: 7 touch down cycles of 95°C for 30 s, 70 -62°C (Ϫ1°C/cycle) for 30 s and 72°C for 90 s followed by 20 standard cycles of 95°C for 30 s, 62°C for 30 s, 72°C for 90 s). Amplicons of the correct predicted size (739 bp) were gel-purified and sequenced to identify the specific library pools containing OxyC sequences. Individual clones of interest were recovered from the appropriate sublibraries by successive rounds of library dilution and PCR screening. In brief, the glycerol stock corresponding to a miniprep known to contain an OxyC sequence was diluted to an OD600 Ϸ0.2 and then 12.5 L of this solution (Ϸ100 -200 clones) were plated into 96-well microtiter plates prefilled with 100 L of LB-agar containing 30 g/mL kanamycin. After incubation overnight at 37°C the cells were resuspended in 75 L of LB and then each resuspended well was screened by whole-cell PCR for the presence of a clone containing the desired sequence. This screening process was then repeated with the positive pools plated at successively lower titers (OD600 Ϸ0.02 and Ϸ0.002). In the final round of screening, individual colonies were assayed by PCR. Each recovered clone was end sequenced, and the primers designed to this sequence were used in subsequent rounds of screening to recover overlapping cosmid clones from the library. Six overlapping clones (cosmid clones: B128, A15, A6, Y69, X150, and W186) containing portions of the VEG pathway were recovered from the library. Three overlapping clones (cosmid clones: D30, J44, and B95) that contain the TEG pathway were recovered from the library. All cosmid clones were sequenced by pyrosequencing (454 Life Sciences).
Cloning, Expression, and Purification of Teg12, 13, and 14 Sulfotransferase Genes. Teg12 (Sulf 1), Teg13 (Sulf 2), and Teg14 (Sulf 3) were amplified (30 cycles of 95°C for 30s, 60°C for 30s, and 72°C for 90s; FailSafe system from Epicentre) from clone D30 by using the following primers: Sulf1For(BclI): GCGCTGATCAATGAACGGAATTCGATGG, Sulf1rev(HindIII): GCGCAAGCTTTC-CTTAACCGGCATACCCGTA, Sulf2For(BclI): GCGCTGATCAATGAACGGCATTC-GATGGATC, Sulf2rev(HindIII): GCGCAAGCTTATCTCTCCTCCCTCAGCCGGC, Sulf3For (BclI): GCGCTGATCAATGAACGGTATTCGATGGATC, Sulf3Rev (HindIII): GCGCAAGCTTACAATCCGCCCGTTAGCCGGC. The restriction sites added for cloning purposes are shown in bold. Amplicons were doubly digested with BclI/HindIII, ligated into the BamHI/HindIII-digested pET28a, and then transformed into E. coli BL21 (DE3).
Fusion protein purification and sulfation reaction protocols were modified from published procedures used for StaL (20) . Overnight growths were used to inoculate (1:1,000 dilution) 1-L cultures of LB, which were grown at 37°C until the OD600 reached 0.6. The temperature was then reduced to 20°C, and after 1 h, the cultures were induced with IPTG (0.5 mM). After 14 -16 h at 20°C, the cultures were harvested by centrifugation (3, 200 ϫ g for 30 min) . The cell pellet was resuspended in 40 mL of lysis buffer [50 mM Hepes, pH 7.5, 0.5 M NaCl, 5% (vol/vol) glycerol, 20 mM imidazole, pH 8, 10 mM ␤-mercaptoethanol, and 0.5% (vol/vol) Triton X-100], and the cells were lysed by sonication. Crude cell lysates were centrifuged at 25,000 ϫ g for 30 min, and the supernatants were then incubated for 15 min (24°C) with 1 mL of Ni-NTA resin. After 15 min, this slurry was loaded onto a column, washed with 40 mL of lysis buffer, followed by 40 mL of wash buffer [50 mM Hepes, pH 7.5, 0.5 M NaCl, 5% (vol/vol) glycerol, 20 mM imidazole, pH 8, and 10 mM ␤-mercaptoethanol], and then the protein was eluted from the resin with 15 mL of elution buffer [50 mM Hepes, pH 7.5, 0.5 M NaCl, 5% (vol/vol) glycerol, 125 mM imidazole, pH 8, and 10 mM ␤-mercaptoethanol]. The protein concentration was determined with the Bradford assay (yields: 74 mg/L TEG12, 31 mg/L TEG13, and 88 mg/L TEG14) and these samples were used in sulfation reactions without further purification. Two-milliliter sulfation reactions containing 1 mg of each sulfotransferase, 1 mg of teicoplanin aglycone, and 0.5 mg of 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) were set up in reaction buffer (250 mM Hepes, pH 7.5, 0.1 mM DTT) and incubated overnight at 30°C. Excess sulfotransferase was added to overcome the known inhibition of PAPS-dependent sulfotransferases by the sulfotransferase by-product 3Ј-phosphoadenosine 5Ј phosphate (PAP) (28) . The reactions were then placed in a boiling water bath for 10 min, placed on ice for 10 min, and centrifuged (21,000 ϫ g at 4°C) for 10 min. The supernatant (and, if necessary, a water wash of the pellet) was evaporated to dryness and resuspended in 400 L of a 50:50 DMSO/H2O. The analytical HPLC conditions used to generate Tables S1-S5. 
